Abstract. An optical fiber using palladium as sensitive layer is characterized in the range of 450 to 900 nm. The sensitive layer is deposited on the outside of a multimode fiber, after removing the optical cladding. The sensor is based on a measurement technique that uses the surface plasmon resonance effect. A continuous change in output intensity is observed as a function of the hydrogen concentration between 0.5% and 4% H 2 by volume in Argon. The response shows that the transmitted intensity can either decrease or increase, depending on the selected wavelength. This behavior is directly related to the change in reflectance upon hydrogenation between the polarization s and p. The loading time is 30 s and the unloading time is 90 s in a mix of argon and 10% of oxygen. The detectors show a good reproducibility. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Hydrogen is currently used in chemical industrial production processes as a hydrogenating agent and in aerospace industries as a fuel source. In addition, environmental and (socio-) economic issues suggest that hydrogen will become a competitive energy carrier in the near future. Its application will spread from the automobile industry to domestic products. The use of hydrogen as an energy carrier will considerably increase the hydrogen production volume and the related distribution network. Hydrogen sensors are essential to monitor hydrogen concentrations, to detect leaks, and to prevent fire and explosions. The lower flammability point of hydrogen 0091-3286/2011/$25.00 C 2011 SPIE is 4% in air and 74.5% for the upper limit. Currently electrochemical, thermal conductivity, catalytic, and electrical sensors are mainly used for hydrogen detection. They show in general a high sensitivity and a relativly fast response; however they are not suitable for use in an explosive environment due to the risk of ignition (hydrogen ignition energy: 0.02 mJ) due to the presence of electrical current leads. Although optical fibers sensors are not yet completely mature and still require significant efforts, they appear very promising devices for hydrogen leak detection. Their geometrical configuration (small dimensions, light weight, geometrical versatility), their high electrical isolation, their simplicity of design, and especially their ability to operate in potentially explosive environments made them very suitable for hydrogen sensing.
Most optical hydrogen sensors use a palladim (Pd) thin film layer as a catalyst agent and also as a transducer due to its high solubility to H 2 . The electrical, optical properties, and the lattice constant of Pd change when it interacts with hydrogen. This change is reversible and nonlinear. It is related to the Pd pressure isotherm. Numerous fiber sensor configurations have been studied in order to improve the sensitivity (especially in the low pressure range, where the solubility of hydrogen in the Pd alpha phase is low). Some of them are based on elasto-optic effects such as interferometric sensors. 1, 2 Others use the decrease of the complex dielectric permittivity as micro mirror sensors or evanescent wave sensors. 3 Lately, fiber bragg gratings [4] [5] [6] have been used, they act as a pure strain sensor due to the expansion of the Pd. Most of the optical fiber sensors present a good sensitivity but are mainly limited to the response time and the cross sensitivity. Villatoro et al. 7 propose a nano tapered fiber sensor coated with ultra thin film in order to limit the diffusion time and therefore the response time. However this kind of sensor is very fragile. Multimode fiber sensors based on surface plasmon resonance (SPR) may be an alternative to conceive a robut sensor, in keeping a high sensitivity.
Here, we start from the optical surface plasmon resonance sensor introduced by Bevenot et al. using a thin Pd layer as the transducer. In Bevenot et al.'s 8 paper the hydrogen concentration is detected by measuring the change in intensity for a specific light input angle and wavelength. Only the transverse magnetic (TM) polarization (magnetic field perpendicular to incidence plane) is considered. We propose here to study the response when all modes are equally excited in the optical fiber. The variation of the total intensity transmitted [sum of the transverse electric (TE) (electric field perpendicular to incidence plane) and TM polarization] is then measured as an estimate for the hydrogen concentration. The advantage is to conceive a low cost sensor easily integrable and offering the possibility of a multi-point detection in a single fiber. We focus on the spectral response of the sensor. Our aim is to demonstrate the role of the change in real and in complex part of the Pd dielectric permittivity on the SPR peak. Moreover since the SPR occurs only for the TM polarization, we will see if the TE polarization is active on the sensitivity of the sensor. The response time and the reproducibility of the sensor response are also presented, as well as the effect of O 2 to validate the possibility of using this sensor for safety applications.
Principle
In 1993 Chadwick et al. 9 have demonstrated the SPR effect in a Pd layer in the Kretschmann configuration 10 in order to realize a hydrogen sensor. Most SPR sensors are based on the change in the dielectric permittivity of the medium surrounding the metallic layer. In the case of Pd, the complex permittivity of the metallic layer itself changes with the absorption of hydrogen. The resonance angle of Pd on a glass substrate is 53 deg for θ , where θ is the angle between the normal and the incindent light as shown in Fig.  1 . This angle cannot be reached by using an optical fiber configuration. However, Bevenot et al. 8 have demonstrated that the SPR effect is still sufficient for hydrogen detection, in this configuration, due to the large width of the Pd SPR peak. The sensor consisted of a Pd layer deposited on the fiber core, over a section of the fiber, as indicated by L in Fig. 2 . The light TM-polarized is injected into the fiber with = h(c%)× Pd,0%H 2 , where Pd,0%H 2 = −7.64 + j8.45 is the dielectric permittivity of the pure palladium. 8 At room condition, h = 1 and h = 0.8 mean approximately a concentration of 0% and 4% H 2 , respectively.
an appropriate angle of incidence and for a given wavelength. Thus the corresponding mode bunch is excited through the fiber. The change in the transmitted intensity allows to measure the H 2 concentration. However, this technique is not really convenient for applications due to the mode conversion along the fiber (and demands to maintain the polarization along the fiber). Due to the fiber impurities or the mechanical constraints, the power distribution for the mode along the fiber can be disturbed and then converted into other modes, especially when the fiber is used in an operative field environment. That is why we present here the hydrogen response when all modes are equally excited in the optical fiber for both TE and TM polarizations. The measured response is then a function of the numerical aperture shift of the sensitive section. Since multimode fibers are used, the sensor response is modeled and simulated by combining the theory of local plane waves and a geometric optics approach. The reflectance of the multilayer structure is first calculated as a function of angle by using the Fresnel coefficients with the transfer matrix method. 11 The multilayer structure consists here of an infinite layer of silica, covered by a layer of Pd with a certain thickness and an infinite layer of air. The silica refractive index as a function of the wavelength is given by the Sellmeier equation where the coefficient P 1 , P 2 , P 3 , P 4 , P 5 , and P 6 are the Schott coefficient, industry standard coefficient as determined by Schott for use with their glasses. The value of coefficients are P 1 = 1.45179, P 2 = −0.00365, P 3 = −0.00243, P 4 = 0.00012, P 5 = −4.605 × 10 −6 , and P 6 = 9.635 × 10 −8 and λ denotes the wavelength measured in μm. Equation (1) is valid for the studied wavelength range. For simulating the sensor response, we need the dielectric permittivity of Pd and of Pd hydride. As reported by Sullivan, 12 the dielectric permittivity data of a dc-sputtered Pd, especially the imaginary part, is very sensitive to sample preparation and measurement technique. The possible contamination or oxide overlayers on the thin film can introduce significant errors. We decided to use the dielectric permittivity of Pd obtained by von Rottkay et al. 13 from ellipsometry measurements. The sample was sputtered in a high vacuum deposition facility as in our case. The thickness of the von Rottkay 's samples corresponds to the thickness range of our Pd film. For the dielectric permittivity of Pd hydride, two ways were considered. First, the data from von Rottkay is used. Second, the effect of the absorption of hydrogen on the dielectric permittivity of palladium is approximated by the following relation:
where Pd,0%H 2 is the dielectric permittivity of pure palladium and h represents a nonlinear relation with hydrogen concentration c(%). h=1 and h=0.8 represent a concentration of 0% and 4% at room condition, respectively. This description of H 2 absorption is compared in the following with the experimental dielectric permittivity of palladium hydride obtained at 10 5 Pa hydrogen pressure from von Rottkay et al. 13 The transmitted intensity through the fiber is then calculated by summing the power loss/gain at each reflection over the sensitive area. The transmitted intensity I (α out ) for an incidence angle α in is written as
with
where L, D, N, and r p and r s are the sensitive length, the fiber diameter, the reflection number along the sensitive area, and r p and the reflection coefficient for polarization TE and TM, respectively. Only meridian rays are considered. The model does not take into account the scattering from the roughness of the thin film and the effect of mode coupling. Furthermore the TE and TM polarization are assumed to be equally distributed.
Experimental Details
The fiber used for the experiment is a multimode fiber, Newport 200 μm core/230 μm cladding, with a numerical aperture of 0.37. The fiber is made of pure silica for the core, a harder polymer for the cladding, and a tefzel jacket. The jacket is locally removed by mechanical stripping and the optical cladding is removed with a flame torch over a length of 2 cm. The sensor response increases as the optically sensitive length L along the fiber increases. The length L is limited to 2 cm in order to handle the fiber without breaking it. The fiber is maintained to a support to avoid bending. After burning the cladding the core is cleaned with isopropyl alcohol (IPA), using lint free tissue, to remove the carbon residue. The fiber with a hard polymer cladding is chosen against a glass cladding type to allow an easy removing of the cladding without the need an hydrofluoric etching step. However, after this process in some samples a polymer film is left on the core. In order to obtain a clean interface the surface has to be investigated with an appropriate optical microscope. The deposition of the Pd hydrogen indicator layer is done in an AJA magnetron sputtering apparatus. The fiber is vertically set in the center of the device above the gun with a tilt angle. Due to this configuration, the deposition results in a slight gradient of the thickness along the fiber. For a deposition over a width of 2 cm along the fiber, the thickness varies from 9 to 14 nm. The background pressure was 5×10 −7 mbar and the sputter pressure was 3 μbar argon (Ar). Palladium was sputtered at an average rate of 0.15 nm/s using 100 W dc power supply. The deposition rate, as measured with a quartz crystal monitor, is confirmed afterward by a Detak profilometer. The measurement setup is depicted in Fig. 3 . A tungsten halogen light source and an Ocean Optics HR 4000 spectrometer are used as a source and a detector, respectively. The fiber containing the hydrogen detector is connected via 905 SMA connectors to the source and the detector. The numerical aperture (NA) of the source is superior to the fiber in order to excite all of the fiber modes. The spectrometer is limited by a numerical aperture of 0.22. This limitation does not disturb our measurements when the Pd layer is deposited onto the fiber core over a length of 2 cm. The fiber NA with the sensitive section obtained experimentally is comparable. The NA is theoretically larger, 0.3 for a Pd 10 nm deposit over 2-cm lengths. However, the transmitted intensity, for the ray propagating between the theoretical and experimental critical angle, is less than 1% of the total intensity. In the following, 
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January 2011/Vol. 50(1) 014403-3 we limit the NA to 0.22 corresponding to the spectrometer in order to compare the experimental results with the prediction. The fiber is measured in a gas cell. The gas cell is flushed with argon that contains a chosen concentration hydrogen (up to 4.4%) and oxygen (up to 10%). Flow rates of each gas were individually controlled with mass flow controllers. The total flow is kept at 250 ml/min. All measurements are performed at atmospheric pressure and room temperature. The gas cell is purged with argon for several minutes before all measurements in order to clean the tubing of the gas system. The relative transmission is defined as the intensity measured I H 2 , divided by the intensity measured without hydrogen I . The loading and unloading time is defined as the response time, needed to reach 90% of steady-state. From Figs. 4 and 5(b) it can be concluded that the sensor response is reproducible after the first cycle. A slight drift appeared over cycles, however it seems to mainly come from the effects of pollutants onto the Pd surface rather than the formation of microcracks over time, as discussed in Sec. 3. This drift observed in Fig. 5(b) is weaker than in Fig. 4 where the unloading conditions are identical over the cycles. The sensitivity study is therefore done after one cycle. The Pd film needs at least one cycle in order to stabilize the microstructure, and to remove most poisonous elements from the Pd surface, which are gathered by transport of the sample through air.
Experimental Results and Discussion
A continuous change in intensity is observed as a function of the hydrogen concentration between 0.5% and 4% H 2 in argon (Ar), as depicted in Fig. 5 . During the hydrogenation the transmitted intensity through the fiber core decreases below a specific wavelength and increases above it. As a result, the response shows a wavelength dependence that was not observed in previous works. There is no significant wavelength dependence when the relative transmission is simulated with the dielectric permittivity following relation (2). Apparently, relation (2) is not satisfied in the design we use because the real and the imaginary part of the dielectric permittivity of the Pd hydride cannot be linked by the same constant h as will be discussed later. From Fig. 6 , we find that the simulated sensor response shows a similar spectral behavior as when the experimental dielectric function is used; the intensity can decrease or increase depending on the selected wavelength. Compared to the experimental results, the sensitivity of the simulated response is slightly different. The sensitivity is defined as equal to 1 − I H 2 /I %. The minimum sensitivity simulated is obtained at the following wavelengths: 752 and 909 nm, for thicknesses of 9 and 14 nm, respectively. The maximum sensitivity is obtained in the blue wavelength. Its value is 11.5% and 15.5% for a thickness of 9 and 14 nm, respectively. From Fig. 5(b) , we see that the response with 4% of H 2 in Ar shows a minimum sensitivity of 0% around 600 nm and a maximum of 8% at 900 nm. The difference with the simulated results probably comes from the roughness and the thickness gradient of our sample. Moreover Vargas et al. pointed out that the optical constants of the Pd films due to H 2 absorption depends on the nature of the substrate.
14 Since in our sample the Pd is deposited on glass, the change in optical constants upon hydrogenation may be smaller than those obtained from von Rottkay. Nevertheless, it is worth noting that Yamada et al. have recently obtained the same optical constants for a Pd deposit onto a glass substrate. 15 The microstructure of the Pd may also play a role on the wavelength dependence. Figure 5(a) shows the relative transmission when the sputtering pressure is set at 40 μbar during the first 10 s of the Pd deposition. The sensor response on loading with 4% of H 2 in Ar shows a change with a minimum of 0% around 670 nm and a maximum of 13% at 450 nm. So the sensor response appears to depend on the deposition conditions and is therefore related to the microstructures. However, the wavelength shift in the sensor response may be amplified by the surface state of the fiber before deposition. Further investigations have to be done to verify this influence. Nevertheless, the data from von Rottkay appears to be relevant to study the sensor response.
The relative transmission is simulated for the p, s, and for both polarizations, as represented in Fig. 7 . For p polarization, the transmitted intensity is increased upon hydrogenation. The sensitivity is smaller at shorter wavelength and increases toward the infrared wavelength. For s polarization, the transmitted intensity is decreased upon hydrogenation. The sensitivity is larger at shorter wavelength and decreases toward the infrared wavelength. The change in reflectance depends, finally, on the wavelength for both polarizations. To explain this behavior for both p and s polarization, the reflectance is calculated for different wavelengths and is represented in Fig. 8 . For our study, only the angles within the fiber NA are considered. Owing to hydrogen absorption, the real 1 and the imaginary part 2 of the dieletric permittivity decrease. This can be explained by an increase of the inelastic electron collision frequency and a decrease of the electron plasma frequency in the Drude model. According to von Rottkay's data 13 The relative transmission is simulated by using the dielectric permittivity of Pd hydride (from von Rottkay et al. 13 ). Both of them are increasing toward the infrared wavelength and are stronger for 2 . The value of 1 and 2 are 5.546 and 1.385 at 468 nm and 8.900 and 12.543 at 992 nm. We now consider the reflectance for p polarization. It is well known that the Pd presents a broad SPR peak. The Pd is a highly absorbing metal, 2 ≈ 1 . Upon hydrogenation, the width of the SPR peak decreases. As the Pd hydride is less absorbing, the propagation length of the SP wave is longer. The smaller 2 is as compared to 1 , the thinner the SPR peak is. This is due to an efficient transfer of energy to surface plasmon. The decrease of the SPR peak width results in an increase of the reflectance for the propagating ray upon hydrogenation as shown in SPR curve. Since the rate 2 / 1 is larger toward the long wavelengths, the change in reflectance is more significant near the infrared than the blue wavelength. For polarization s, the intensity decreases upon hydrogenation. It is explained by a more semiconductive behavior of the Pd film upon hydrogenation. The decrease is larger at shorter wavelengths since the amount of hydrogen seen by the probe light increases. With our sensor design, the sensor response is the sum of the p and s polarization light. Thus, the wavelength dependence of the sensor response come from the difference in reflectance with hydrogenation between polarization s and p depending on the wavelength. It is worth noting that the sensitvity is higher when only one polarization is considered, as shown in Fig. 7 . In a field test, it is difficult to maintain the polarization until the transducer region involves the use of polarization-controlling elements. The wavelength dependence is also related to the difference between the real and the imaginary part of the dielectric permittivity with hydrogenation. In order to reinforce this point, the dielectric permittivity of Pd hydride is described by the following relation:
where h 1 and h 2 represent a nonlinear relation with the hydrogen concentration depending on the wavelength. Figure  9 shows the influence on each parameter on the reflectance. From the calculated reflectance, we infer that the reflectance for polarization p strongly depends on h 2 , whereas the reflectance for polarization s depends more on the real part of the dielectric permittivity. In the case of Bevenot's sensor, 8 relation (2) is satisfied because only polarization p is considered. The imaginary part change is predominant on the response. So the constant h experimentally determined in the previous work 8 corresponds to the parameter h 2 . For a spectral study, h 2 has to be determined for each wavelength. In our case, the relative transmission when only p polarization is considered can be simulated by using relation (2) with h = h 2 = 2,PdH x / 2,Pd .
For safety application, the sensor is evaluated in an inert and in an oxygen environment. The loading time for both samples is 50 s for 4% of H 2 in Ar during the first loading and decreases to 30 s after the first cycle when the recovery was done with a mix of Ar and O 2 . The presence of O 2 during the recovery does not significantly influence the response signal level of the next loading time, but may increase the loading time. In fact, the loading time may decrease when the gas cell is flushed with Ar for a few minutes before cycling, in order to clean the Pd surface. This phenomenon is explained by the fact that the response time is mainly determined by the surface reaction and hydrogen diffusion. Since the Pd layer in our work is very thin, the catalytic reaction becomes the limiting step. We observe that the loading time can vary to 20 to 40 s during different cycling. We believe that the change of the response times are related to the surface reactions, which depend very strongly on the deposition technique used and the environmental conditions (temperature, pollutants, humidity, and avoidable sites on the surface). The loading time does not show a significant dependence on the H 2 concentration compared to the previous ones. More oxygen during the loading can lead to a reduced sensitivity level. The response corresponding to a concentration of 1% of Hydrogen can decrease to one half of its value depending on the selected wavelength when a concentration of 5% of O 2 was mixed with Ar, as depicted in Fig. 10(a) . The presence of O 2 influences the absorption of H 2 and is capable of limiting the amount of H 2 absorped due to the formation of OH and H 2 O onto the Pd surface 16 (H 2 O and OH will cost less energy than H 2 absorption). The unloading time is longer than 150 s, and can be decreased to 80 s by using O 2 in the Ar flow as shown in Fig. 10(b) . Oxygen on the surface of Pd will promote the formation of OH and H 2 O molecules, 17 which significantly increases the desorption rate. The performance of such a sensor could be improved by adding a dopant in the Pd top-surface such as gold or copper to lower the sticking coefficient for O 2 .
18 A protective coating could be also used, but it should be choosen in order to avoid the extinction of the SPR, since it directly influences the confinement of the field into the metal. This protective layer could also enhance the SPR, for instance, by moving the SPR peak toward the angle within the NA fiber.
Conclusion
We report a wavelength dependence of the optical response on hydrogen loading of a Pd coated, fiber optic SPR based hydrogen sensor. The sensitivity of such a sensor can be enhanced by choosing a wavelength adapted to an optimal response. Furthermore, the wavelength dependent behavior of the SPR-hydrogen sensor allows one to monitor the response at several wavelengths which improves the hydrogen detection and avoids the generation of false hydrogen alarms by elimating temperature dependant shifts or mechanical vibration effects in the intensity of the measurement signal. The loading and unloading times are acceptable. An optimization of the Pd surface, matched with the SPR technique, would allow one to realize a low cost sensitive sensor with a fast response time.
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